ABSTRACT: Trawl activity on the continental shelf break off South Africa provides large quantities of food in the form of discards for a range of species, including non-breeding black-browed albatrosses Thalassarche melanophrys and white-capped albatrosses T. steadi. As large numbers of both species are killed in collisions with trawl warp cables, mitigation measures have been introduced that include limitation of discards, yet little is known about the consequences of reduced food supply for scavenging birds. We tracked adult and immature albatrosses in the southern Benguela in the austral winters of 2005 and 2006 and examined their distribution in relation to fisheries, bathymetry and remotely sensed oceanography. Kernel analysis revealed that white-capped albatrosses spent most (85.0%) of their time on the southern African trawl grounds, whereas black-browed albatrosses spent only 39.2% of their time in these areas, and the remainder on return oceanic foraging trips, typically of 8.4 d duration and 2540 km (max. 5320 km) in length. While foraging in South African waters, the presence of trawlers was a strong predictor of albatross distribution. While on oceanic foraging trips, black-browed albatrosses moved predictably along the margins of eddies, typically areas of enhanced productivity and high prey concentrations. This study presents evidence that blackbrowed albatrosses forage to a much greater extent on natural prey than do white-capped albatrosses. Therefore, given the high incidence of albatross collisions with trawl cables, the benefit of a management decision to limit discarding as a mitigation measure is likely to outweigh the disadvantage of reduced food. 
INTRODUCTION
Albatrosses are K-selected, displaying high adult survival, delayed onset of first breeding and low reproductive rates (Warham 1996) . Life-history characteristics reflect evolutionary responses to environmental conditions (Lack 1968) and have, in the case of albatrosses, been attributed to the sparse, patchy and unpredictable nature of the marine resources upon which they depend. In the non-breeding season, albatrosses are not restricted to waters within commuting distance of colonies, and often migrate long distances across ocean basins to feed in areas where food is presumably more predictable (Croxall et al. 2005 , Phillips et al. 2005a . Bathymetric features such as continental shelves or sea-mounts, and oceanic frontal systems, are areas of enhanced marine productivity that are often targeted by foraging seabirds (Hunt & Schneider 1987 , Weimerskirch et al. 1993 , Pakhomov & McQuaid 1996 , Nel et al. 2001 , Phillips et al. 2005a .
Areas of high productivity are also commonly areas where commercial fisheries have developed. It is well documented that fisheries, particularly trawl, represent a substantial food source for opportunistic seabirds through the discarding of waste offal and nontarget catch (Abrams 1985 , Furness et al. 1988 , Ryan & Moloney 1988 , Garthe et al. 1996 , Phillips et al. 1999 , González-Zevallos & Yorio 2006 , Sullivan et al. 2006 . Indeed, the presence of fisheries has been identified as an important determinant of seabird distribution at sea, and changes in fisheries practices can have major implications for seabird community structure (Wahl & Heinemann 1979 , Ryan & Moloney 1988 , Furness et al. 1992 , Garthe 1997 , Votier et al. 2004 . Moreover, as albatrosses have limited diving ability (Prince et al. 1994) , demersal trawl fisheries permit access to deep water resources, such as hake Merluccius spp., that would otherwise be unavailable. However, feeding on fisheries discards from trawlers or on baited longline hooks is associated with risk of injury or mortality (either through entanglement or becoming hooked and drowning) and is the leading cause of observed population declines in many albatrosses and petrels (Croxall & Gales 1998 , Sullivan et al. 2006 , BirdLife International 2008 . The degree to which albatrosses and petrels are dependent on this food source is unknown. Nevertheless, several studies of seabirds generally considered to rely heavily on discarding have found that natural prey are much more important across part or all of the range, or during certain times of year (e.g. Phillips et al. 1999 , Cherel et al. 2002 .
The upwelling system off the west coast of South Africa, known as the southern Benguela ecosystem, is one of the world's most productive marine ecosystems (Shannon & Field 1985) . Large-scale commercial longline and trawl fisheries for hake, and longline fisheries for tunas Thunnus spp., provide large amounts of fisheries discards, and as a consequence have led to longterm changes in the distribution of seabirds in the region (Abrams 1983 , Duffy et al. 1987 , Ryan & Moloney 1988 , Crawford et al. 1991 . The South African Exclusive Economic Zone (EEZ) is a key foraging area for over-wintering and non-breeding black-browed Thalassarche melanophrys and white-capped T. steadi albatrosses (Brothers et al. 1998 , Phillips et al. 2005a , which are of global conservation concern (Croxall & Gales 1998 , BirdLife International 2008 . The black-browed albatrosses that over-winter in the Benguela region breed at South Georgia in the SW Atlantic Ocean, and at Crozet and Kerguelen in the Southern Indian Ocean, where populations have decreased dramatically since the mid-1970s , Weimerskirch & Jouventin 1998 , Poncet et al. 2006 . Although there are currently few reliable trend data for white-capped albatrosses at breeding colonies, both longline and trawl fisheries operating in the southern Benguela are having severe impacts on both species (Barnes et al. 1997 , Ryan et al. 2002 , Petersen et al. 2007 , Watkins et al. 2008 . It has been estimated that approximately 21 000 birds are killed per year by the trawl and longline fisheries operating in South African waters (Petersen et al. 2007 , Watkins et al. 2008 .
Given the increasing concern worldwide about impacts on non-target species, many fisheries, including those operating in the Benguela ecosystem, have introduced mitigation protocols that aim to reduce incidental mortality of seabirds, turtles and sharks (Brothers et al. 1999 , CCAMLR 2002 , MCM 2007 , Read 2007 . These include improved discard management to reduce the attraction of seabirds to vessels, often in tandem with other measures. This, however, has potentially important resource implications, depending on the extent to which the affected seabirds rely, or can revert to feeding on natural prey. This study investigated the foraging strategies of non-breeding whitecapped and black-browed albatrosses in relation to fisheries, bathymetry and oceanographic features. Results are discussed in the context of likely responses of these species to a reduction in discard availability in the region.
MATERIALS AND METHODS

Birds. Satellite transmitters or Platform Terminal
Transmitters (PTTs) were deployed on black-browed and white-capped albatrosses, in South African waters. In 2005, 8 PTTs were deployed between 13 July and 20 August on 4 immature black-browed albatrosses and 4 immature white-capped albatrosses (Table 1 ). In 2006, PTTs were deployed between 24 June and 16 September on 1 immature and 3 adult black-browed albatrosses, and 1 immature whitecapped albatross (Table 1) . Based on molecular separation, shy-type albatrosses foraging in southern African waters are most likely to be white-capped albatrosses that breed in New Zealand, with shy albatrosses T. cauta from Australia representing only ca. 5% of the birds which were killed and returned to port (Abbott et al. 2006 , Baker et al. 2007 ). Therefore, for simplicity, we refer to all shy-type albatrosses tracked in this study as white-capped albatrosses.
Deployed devices were Microwave Telemetry PTTs (30 to 50 g) or Sirtrack Kiwisat 202 PTTs (32 g). The former were set to transmit every 90 s throughout the day, whereas the latter were duty cycled to 12 h on and 12 h off. On average, 14 positions d -1 (range: 12 to 21) were obtained using Microwave PTTs, and 7 positions d -1 (range: 5 to 11), using Kiwisat PTTs. Birds were caught at sea approximately 40 km southwest of Cape Point, South Africa, using a barbless hook, and lifted into the vessel by means of a net. PTTs were attached to the feathers on the bird's mid-back (mantle) using waterproof Tesa tape. Collection of data took place from July to December in 2005 and June to November in 2006. Locations were obtained using the ARGOS (Advanced Research Global Observation Satellite) system. Data received from ARGOS were filtered according to flight speed (maximum velocity was set at 100 km h -1 ) and ARGOS location quality (all positions with a quality code of A, B and Z were excluded). The tracks were then re-sampled at hourly intervals, assuming that the bird moved along a straight line between points. Spatial analysis (including production of kernels and mapping of density distributions) was performed using Arcview 3.2. This involved the calculation of fixed kernel home range utilization distributions (based on Worton 1989) as grid coverage. A smoothing factor of 1 was used and was kept constant for all individuals using the animal movement extension in Arcview. Kernel density plots have been used successfully in numerous tracking studies to quantify habitat use (e.g. Wood et al. 2000 , BirdLife International 2004 , Nicholls et al. 2005 . The utilization distributions (UD) provide probability contours indicating the relative proportion of the distribution within a particular area.
Other data sources. Seabird tracks were overlaid on fisheries, bathymetric and sea height anomaly data. The position and date of trawls for hake, and setting of surface longlines for tuna Thunnus spp. and swordfish Xiphias gladius, which took place over the same time period as that over which the birds were tracked, were obtained from vessel logbooks and catch returns. Fisheries data were summarized by 1°grid squares based on the setting location. Discarding typically takes place throughout the day, with the exception of the first set of the day. Etopo-2 bathymetry data were obtained from the National Geophysical Data Center (NGDC). Etopo-2 is a worldwide set of 2 min gridded ocean bathymetry data derived from 1978 satellite radar altimetry of the sea surface (Sandwell 1990) . Sea height anomaly (SHA) data, derived from JASON-1, TOPEX, ERS-2, ENVISAT and GFO altimeters and processed at the Stennis Space Center, were obtained from the National Oceanic and Atmospheric Administration (NOAA) (www.aoml.noaa.gov). Maps were generated using SHA data for an average period of 10 d, corresponding to the overlaying bird track (on average, oceanic trips lasted 8.4 d, range: 2 to 20 d, SD: 6.9), using Ocean Data View software for visual representation and Arcview 3.2 for analysis. This information was used to investigate whether birds foraging in the open ocean were likely to be targeting positive or negative anomalies, by comparing the gradient in SHA (the first derivative using spatial analyst in Arcview) at PTT locations with a randomly generated set of points. A 2-tailed t-test for unmatched pairs was used to investigate whether the mean SHA for each location along the bird's track was significantly higher than that of the set of random locations.
Relationships between the distribution of blackbrowed and white-capped albatrosses, fisheries and bathymetry were investigated using generalised linear models (GLMs) with a Poisson distribution and logarithmic link function (McCullagh & Nelder 1989) . Genstat 9 (GenStat Committee 2007) was used for model fitting and Akaike's information criterion (AIC) was used to guide model selection (Quinn & Keough 2002) . The logarithm of the parameter λ of a Poisson distribution was modelled as a linear combination of explanatory variables, e.g. for 3 explanatory variables, log λ = a + b 1 x 1 + b 2 x 2 + b 3 x 3 . Variables were summarized by 1°grid squares. Initially, the explanatory variables used were number of longline hooks, number of longline sets, number of trawls and bathymetry. The use of longline sets resulted in better fits to the distribution data than the use of longline hooks, and therefore the latter was subsequently excluded from models. The dependent variable used for all the analyses was the time the birds spent in a grid square. adult black-browed and 54 600 km for immature white-capped albatrosses). Whilst in the SE Atlantic, adult (n = 3) and immature (n = 5) black-browed albatrosses showed no significant difference in the average and total distances travelled in 24 h (p = 0.1 and 0.3, respectively), or any other obvious difference, and data were therefore pooled in further analyses. White-capped albatrosses (n = 5) travelled less than half the distance per day (average: 127 km d , t = 3.65, p = 0.006). White-capped albatrosses remained almost exclusively (98.9% of time tracked) within 200 nautical miles (n miles) of the coast, mostly (82.6%) within South Africa's EEZ, and the remainder within Namibian waters (Fig. 1) . Time tracked was particularly concentrated on the continental shelf break between 200 and 1000 m, where they spent 79.1% of their time (55.3% at the 200 to 500 m isobath and 23.8% at the 500 to 1000 m isobath) ( The 95% utilization area of black-browed albatrosses in the SE Atlantic (i.e. excluding time spent commuting to the SW Atlantic) was twice as large as that of white-capped albatrosses (Fig. 3) . Whitecapped albatrosses covered an area of 241 000 km 2 (95% utilization area) and a core area (50% utilization (Fig. 4) . Patterns were similar between individuals.
RESULTS
In
Overlap with South African fisheries
Excluding time spent commuting to the SW Atlantic, black-browed albatrosses spent almost half the amount of time on trawl grounds (average: 39.2%, range: 16.2 to 60.0%, SD: 18.2) compared to whitecapped albatrosses (average: 85.0%, range: 71.4 to 94.3%, SD: 29.8) (U = 0.0, p = 0.004, n = 11).
In the GLM analysis, the following explained much of the variance in the distribution of white-capped albatrosses: bathymetry (39.1%), trawl intensity (i.e. number of trawls) (16.8%) and longline intensity (i.e. number of sets) (4.0%) ( Table 2) . Trawl intensity and bathymetry explained 30.8 and 27.0%, respectively, of the variance in the distribution of black-browed albatrosses ( Table 2 ). The intensity of longline sets was also significant, but did not account for any further variance and led to an increase in the AIC; hence, any additional explanatory power was negligible.
Relationship with sea surface height
All immature black-browed albatrosses (n = 5) undertook return trips into oceanic waters on 9 occasions for a total of 76 d during the 370 d study period. On these trips, birds tended to follow the edges of warm anti-cyclonic and cold cyclonic eddies where the SHA gradient was the greatest (see Fig. 5 for typical examples ranging from Namibia to the South African east coast). The mean gradient of each PTT location was significantly higher than that of a set of randomly generated locations on 7 of the 9 trips (Table 3) . Five of these trips were in a clockwise direction, and 4 were in an anti-clockwise direction.
DISCUSSION
Influences on white-capped and black-browed albatross distribution
Although this study is based on a relatively small sample size, it nevertheless shows clear differences in the movements and distribution of white-capped and (Phillips et al. 2005a ). The immature bird remained on the continental shelf off Uruguay until its device stopped transmitting data on 4 November and was therefore unlikely to attempt breeding. Trawling activity taking place on the continental shelf break off South Africa provides large quantities of high-quality food in the form of discards for both species (Abrams 1983 , Ryan & Moloney 1988 . White-capped albatrosses, which remained almost exclusively along the continental shelf edge, spent most of their time on the hake trawl fishing grounds. Water depth and trawl intensity were, therefore, the strongest predictors of their distribution. There are no published studies on the movements of white-capped albatrosses at other times of year, but tracking of the closely related shy albatross indicates a similar preference for shelf waters, at least during the breeding season (Hedd et al. 2001) . The importance of the continental shelf break, including areas outside of the trawl grounds, as a predictor of white-capped albatross distribution indicates that they are also likely to be foraging naturally within South African waters. This is supported by a study during the 1980s, which found that 60% of the diet of shy-type albatrosses in South African shelf waters was composed of natural prey (Crawford et al. 1991) .
Black-browed albatrosses, by comparison, spent relatively little time on the South African trawling grounds, instead feeding mainly outside of the South Africa EEZ. Nevertheless, while they were within the EEZ the presence of trawlers was the strongest predictor of their distribution. Fishery discards and offal were estimated to make up 80% of the diet of black-browed albatrosses in South African shelf waters during the 1980s (Crawford et al. 1991) . Therefore, it appears that this species exploits fisheries discards to a large extent while close to the South African coast, whereas it presumably feeds to a much greater extent on natural prey whilst on the return trips to oceanic waters.
Reasons for frequent trips into the open ocean
The return trips undertaken by black-browed albatrosses into oceanic waters are consistent with those reported for wintering adults in the same region by Phillips et al. (2005a) . The only difference is that return trips in this study tended to be shorter in duration (2-20 d vs. 5-38 d). Return trips in the SE Atlantic were typically shorter in duration (2 to 20 d). A direct relationship might be anticipated between habitat usage and preference (Matthiopoulos 2003) , in which case black-browed albatrosses may simply 'prefer' to forage in the open ocean, alternating with periods on the continental shelf. However, if accessibility is restricted for any reason, utilization in theory becomes a function of preference and accessibility (Matthiopoulos 2003) . Since trawling on the continental shelf waters of South Africa provides large quantities of predictable food, we might expect both black-browed and white-capped albatrosses to be attracted to this area. However, regions with high-quality food will also have the highest levels of intra-and inter-specific competition (Ricklefs 1990 ). It may be that black-browed albatrosses in the Benguela make these periodic sorties into oceanic waters to reduce competition, given the likely dominance behind vessels of the considerably larger white-capped albatrosses. Body size is considered to be an important driver of interference competition in a range of animals (Shoener 1970 , Persson 1985 , Dickman 1988 , Balance et al. 1997 , Wanless 1998 . Others have postulated that size determines dominance hierarchies in foraging albatrosses (Cherel et al. 2002 , Phillips et al. 2005a . Wanless (1998) investigated the relationship between size and foraging efficiency and reported that white-capped albatrosses out-competed black-browed albatrosses, particularly for large prey items.
Use of oceanographic features in the open ocean
Physical and biological processes in the ocean affect the distribution and abundance of plankton, which in turn influences the distribution of prey further up the food chain and hence, ultimately, the distribution of seabirds and marine mammals (Piontkovski et al. 1995 , Pakhomov & McQuaid 1996 . Seabirds tend to concentrate at physical oceanographic features, where prey tends to be aggregated at different spatial scales (Haney et al. 1995 , Pakhomov & McQuaid 1996 . Results from this study suggest that black-browed albatrosses are not using particular bathymetric zones when far from the South African coast, but instead forage along the margins of meso-scale oceanographic anomalies on their periodic round trips over deep water. Black-browed albatrosses tended to move on the edge of both colder, cyclonic and warmer, anticyclonic eddies. These eddies not only concentrate organisms at their edges, but also exhibit enhanced nutrient levels, which increase primary productivity, and are thus areas where food is likely to be in considerably higher concentration than elsewhere in the open ocean (Ansorge et al. 1999) .
Implications for conservation
Both the white-capped and black-browed albatrosses are listed by IUCN as of conservation concern (Near Threatened and Endangered, respectively). Given the overlap between the white-capped albatross distribution and trawling activity in the southern Benguela ecosystem, it is not surprising that this is the most common albatross killed by that fishery (39% of 18 000 birds killed per year) (Watkins et al. 2008 ). Our results indicate that when black-browed albatrosses forage within the South African EEZ, their distribution is also strongly correlated with the presence of trawlers, and indeed they are the second most common species in bird bycatch (29%) (Watkins et al. 2008) . Interestingly, the occurrence of longline fishing activity accounts for far less variance (4% in the case of white-capped albatrosses and none in the case of black-browed albatrosses) compared to that of trawl activities (30.8 and 16.8%, respectively). This is probably because far fewer discards are provided by longliners compared to trawlers, so they are generally less attractive to birds except when longlines are being set. However, longliners remain a serious threat: both species ingest baited hooks during setting and are dragged under and drowned as a result (Ryan et al. 2002 , Petersen et al. 2007 , S. L. Petersen et al. unpubl. data) .
Given the importance of the southern Benguela ecosystem for non-breeding adult and juvenile blackbrowed and white-capped albatrosses, and the high level of interaction with trawl and longline fisheries in the region, several mitigation measures have been considered (MCM 2007) . These include the introduction of closed areas where fishing is prohibited, and various means of reducing the attractiveness of vessels to seabirds. Given the dramatic changes in marine ecosystems as a result of past fishing activities (Worm et al. 2003) , including dramatic changes in seabird behaviour and distribution resulting from the presence of fishing vessels (Cooper & Dowle 1976 , Ryan & Moloney 1988 , the possibility exists that these management actions could place a further burden on these species.
It has been argued that some scavenging seabirds, such as great skuas in Shetland, and Audouin's gull Larus audouinii and yellow-legged gull L. cachinnans in the Ebro Delta, depend on fisheries discards for successful reproduction when natural prey abundance is reduced (Furness 1987 , Oro et al. 1995 . However, these are breeding birds with dependent chicks and are therefore tied to a central place. By comparison, the albatrosses in the present study are much less constrained in terms of where they can forage; moreover, they have much lower costs of flight than skuas and larids (Weimerskirch et al. 2000) . Furthermore, this study presented evidence that black-browed, and to a lesser extent white-capped, albatrosses targeted natural prey, despite the availability of fisheries discards. Seabirds have evolved in unpredictable, dynamic environments and as a result exhibit highly opportunistic foraging strategies and catholic dietary tastes. The black-browed and white-capped albatrosses in the Benguela Upwelling System are likely to continue adapting their behaviour in response to the changing distribution and abundance of food, much as they would in an entirely natural system. This is supported by evidence from the Ebro Delta, where gulls readily switched their diet back to natural prey after a trawling moratorium was introduced (Oro et al. 1995) . Moreover, others have argued that fisheries waste is not an essential part of the diet for most seabird populations (Garthe 1997) . Given their extreme life histories, seabird populations are particularly sensitive to any reduction in adult survival (Warham 1996) . Therefore, management regimes that reduce additional sources of mortality, such as those resulting from fisheries interactions, are likely to far outweigh the disadvantage of reduced discard and offal availability.
In practical terms, reducing the attractiveness of fishing vessels to seabirds can be achieved effectively in many situations by good offal and discard management (Brothers et al. 1999) . Offal and discard management regulations exist for both trawl and longline fisheries in South Africa (MCM 2007) . In the case of the trawl fishery, discarding of offal is not permitted during setting when the use of a tori line (a line attached to the highest point on the vessel, with streamers attached to it to keep birds away from the area where the warp enters the water) is not compulsory because of the risk of entanglement with fishing gear. However, discarding offal is not regulated during trawling or between trawls (MCM 2007). It is also possible to equip vessels with macerators that allow finer waste to be discharged, which sinks much more rapidly, or holding tanks that allow retention of waste on board, both of which greatly reduce the attractiveness of fishing vessels to larger seabirds in particular (Wanless 1998 , MCM 2007 . Existing mandatory South African longline fishery regulations require that the discharge of offal must not occur during setting, and, during hauling, it must take place on the opposite side of the vessel from the hauling station, where birds could get hooked (MCM 2007 ). An alternative means of manag-ing fishing in the South African EEZ would be to introduce a system of closed areas. Results from our study, however, suggest that this would be ineffective, given the very large foraging ranges and high mobility of the tracked birds. 
